The gas mixing technique was used to study the kinetics of adsorption of a dye from its solution. Equilibrium and kinetic studies were investigated for the adsorption of Maxilon Red BL-3 onto a low cost adsorbent (natural clay). Linear regression was used to determine the best fit of equilibrium and kinetics expressions. The two parameters models including Freundlich, Temkin, Dubinin-Radushkevich and four different linearized forms of Langmuir were employed for fitting the equilibrium data. Type I of Langmuir model was found to be the best model that represents experimental data and the monolayer adsorption capacity was determined as 344.83 mg/g at 25ºC. Factors influencing dye adsorption such as gas flow rate, initial dye concentration and temperature were investigated. Four kinetic models, pseudo firstorder, pseudo second-order, Elovich and fractional power kinetic models were selected to follow the adsorption process. A comparison of the kinetic models on the overall adsorption rate showed that the adsorption system using gas mixing was best described by pseudo second-order kinetics. Based on the sorption isotherm relations obtained a single stage batch adsorber was designed for different initial dye concentrations to calculate the optimum effluent volume based on dye concentration/adsorbent mass ratio.
Introduction
Dyes are the major pollutants of waste water from textile, cosmetic, paper and coloring industries. The discharge of colored effluents into rivers upsets biological activity so that removal of dyes from waste effluents becomes environmentally important. Conventional treatment methods for removal of pollutants from aqueous solutions, like photochemical degradation, biological degradation, coagulation, chemical oxidation and adsorption have been investigated with varying success [1, 2] . Between the mentioned methods, adsorption is one of the potential methods for the removal of dye compounds from water. Different adsorbents can be used for pollutants removal, and, certainly, the cost is an important parameter for the application of any of them. That is why alternative adsorbents have been investigated for the treatment of dyes. Many of these adsorbents are natural materials available in large quantities, or low pried waste products.
Clay has been accepted as one of the most appropriate low cost adsorbents for removal of dyes from wastewater. Among the clays studied, bentonite has received considerable recognition as an adsorbent. It is hydrated alumino-silicate clay primarily composed of the smectite-class mineral montmorillonite [3] [4] [5] . It is well known that the negative charge of clays is balanced by exchangeable cations, which are usually Na + and Ca 2+ [5] . The wide usefulness of clay minerals is essentially a result of their high specific surface area, high chemical and mechanical stabilities, and variety of surface and structural properties [6] .
Multiphase flows are found in many applications of interest to industry. Bubble column reactors represent one broad class process equipment important to several industries in which multiphase flow phenomena dominate. Examples include oxidation reactors used in the petrochemical industry, devices used in microbial fermentation and treatment of wastewater in biochemical/environmental industries. The widespread industrial applications of bubble column is due to their simple construction, large effective interfacial area and high mass transfer rates [7, 8] . Little attention was given to using gas sparged column as an adsorber.
Previous studies on energy consumption and mass transfer during adsorption of dyes on clay using mechanical and gas stirring proved that not only gas stirring enhances the efficiency of dye adsorption but also the energy consumption was substantially lower for air stirring; approximately 60 times lower than for mechanical stirring under identical conditions of adsorption [9] . The high efficiency of gas stirring in increasing the rate of mass transfer compared to single phase flow was attributed to the ability of gas bubbles to induce radial momentum transfer [10] . As any separation process, adsorption efficiency is a complex attribute dependent on the kinetic and equilibrium properties of the adsorbate/adsorbent system. Detailed equilibrium and kinetic studies are needed to describe the mechanism of gas stirring during adsorption process.
The aim of this work is to investigate the effect of gas stirring technique on both equilibrium and kinetics of adsorption of Maxilon Red BL-3 onto natural clay as a low cost material using gas mixing technique. Gas sparging column (with no liquid flow) was used as a means of enhancing the rate of adsorption. Two parameters sorption isotherm models were employed for fitting the equilibrium data. Pseudo first-order, pseudo second-order, Elovich and fractional power equations were used for modeling the kinetics of dye adsorption.
Materials and Methods

Materials
Natural clay was collected from El-Minia Governorate, Egypt. In a previous study, this type of clay was found to be consist of montmorillonite type combined with minor Kaolinite. The specific surface area of this clay is 65m 3 /g [11] . Clay was crushed, ground to a fine powder and sieved, particle size used is in the range 500-700 m. Clay was used without any pretreatment. Dyestuff was Basic Red 22 (Maxilon Red BL-3, Ciba Geigy) and its chemical structure is illustrated as, Structure of Maxilon Red BL-3
Experiments
Adsorption equilibrium experiments have been undertaken to assess the efficiency of natural clay to remove Maxilon Red dye from aqueous solutions and also in finding isotherm constants. The experiments were performed by using a set of 50 ml dye solutions of consecutively increasing concentrations which brought into contact 0.1 g of clay. Upon equilibrium (2 days) the samples were analyzed using a Spectra-Plus MKS spectrophotometer at a wavelength corresponding to maximum absorbance,  max = 538 nm. The amount of dye adsorbed onto natural clay at equilibrium, q e , was computed by,
(1) where, C 0 and C e are the initial and equilibrium concentrations respectively (mg/l), V the volume of solution (cm 3 ) and M is the adsorbent dose (g).
The effects of kinetic parameters such as, gas flow rate, initial dye concentration and temperature of dye solution on the adsorptive removal of dye were studied. The experiments were carried out in a cylindrical glass column of 60 cm height and 6 cm inside diameter. The column was fitted at its bottom with a G4 sintered-glass distributor of a pore diameter of 5-10 microns. Next to the gas distributor a ball valve was fixed to control nitrogen flow rate. Temperature was adjusted by passing hot water, thermostatically controlled, in a glass jacket around the column. Figure 1 represents a schematic diagram for the experimental unit. After adjusting the gas-flow rate, the column was filled with one liter of fresh dye solution at a certain concentration, followed by the addition of 2g clay. The N 2 flow rate was measured with a calibrated rotameter. At appropriate time intervals of 10 min, samples were taken and analyzed to determine the residual dye concentration and then returned to the tank quickly to prevent any change in the volume of solution. The amount of dye adsorbed at any time q t was computed as,
where, C t is the concentration of dye at any time during the adsorption process. 
Validity of kinetic models
The applicability of the kinetic model to describe the adsorption process, apart from the correlation coefficient (R 2 ), was further validated by the normalized standard deviation (NSD), and average relative error (ARE) which are defined as, 
Results and Discussion
Equilibrium isotherms
An equilibrium isotherm expresses the relation between the amounts of adsorbate removed from solution at equilibrium by unit mass of adsorbent at constant temperature. In this study, equilibrium data were fitted by a number of "two parameters isotherm" including Freundlich, Temkin, Dubinin -Radushkevich and Langmuir. Langmuir model can be linearized into at least four different types as shown in Table 1 . The relative parameters of Freundlich, Temkin, Dubinin -Radushkevich isotherms are also given in Table 1 . The linear regression method of least squares is used to calculate the different parameters. 
The Freundlich isotherm model is often used for heterogeneous surface energy systems. The heat of adsorption decreases in magnitude with increasing of adsorption. If the decline in heat of adsorption is logarithmic, it implies that adsorption sites are distributed exponentially with respect to an adsorption energy which differs between groups of adsorption sites. Values of K F and 1/n are Freundlich constants related to adsorption capacity and intensity of adsorption, respectively. The lower fractional value of 1/n [0<1/n<1] indicates that weak adsorptive forces are effective on the surface of adsorbent [17] . On the other hand, the Temkin model considered the effects of indirect adsorbate/adsorbate interactions on adsorption isotherms [14, 16] . As a result of adsorbate/adsorbate interactions, the heat of adsorption of all the molecules in the layer would decrease linearly with coverage [16] . Finally, the DubininRadushkevich model assumes that the amount adsorbed corresponding to any adsorbate concentration is Gaussian function of the Polany Potential [17] . It is well known that the Langmuir adsorption model describes monolayer adsorption of adsorbate onto a homogeneous adsorbent surface [18] . Moreover, there is negligible interaction between the adsorbed molecules and adsorption sites having uniform energies [19] . The isotherm constants and correlation coefficients which were calculated from the least square method beside, Marquardt's percent standard deviation (MPSD) and the hybrid error function (HYBRID) are listed in Table 2 . In Fig. 2 the prediction of the amount of adsorption at equilibrium by various equilibrium isotherm models was plotted against the experimental values. As shown in Fig. 2 , the difference between experimental and calculated values by Langmuir-type I is very low thereby is showing that, this model is the best isotherm for predicting of the amount of dye adsorbed by natural clay at equilibrium. MPSD and HYBRID values in Table 2 , also suggest that Langmuir-type I isotherm provides a better model of the sorption system. The good fit of the Langmuir model suggests that Maxilon Red adsorption is limited by monolayer coverage and the surface is relatively homogeneous in terms of functional groups and there is no significant interaction among the Maxilon Red molecules.
Kinetic study
Kinetic study is important to an adsorption process because it depicts the uptake rate of adsorbate, and controls the residual time of the whole adsorption process. Four kinetic models, Pseudo first-order, Pseudo second-order, Elovich and Fractional power kinetic models were selected in the present study for describing the adsorption process.
A pseudo-first order rate equation can be expressed in a linear form as,
where, q e and q t are the amounts of dye adsorbed at the equilibrium and time t respectively, and k 1 is the rate constant of adsorption. Values of k 1 were calculated from the plots of ln(q eq t ) versus t for different operating variables: gas flow rate, initial dye concentration and temperature. 
where, k 2 is the rate constant of pseudo-second order adsorption. The values of k 2 , q e and h= (k 2 q e 2 ) can be extracted from the gradient and intercept of plotting (t/q t ) versus t.
The Elovich kinetic equation [20] is generally expressed as,
where α is the initial adsorption rate and β is the desorption constant during any one experiment. To simplify the Elovich equation, αβt>>t is assumed and by applying the boundary conditions q t =0 at t=0 and q t =q t at t=t, Eq. (9) becomes:
If the adsorption data fits the Elovich model, a plot of q t versus ln(t) should a linear relationship with a slop of (1/β) and an intercept of (1/β)ln(αβ).
Fractional power models is the last one of the kinetic models used in this study. It can be written in a linear form as,
The kinetic parameters v and k were obtained from the slop and intercept of plotting ln(q t ) versus ln(t).
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Effect of gas flow rate
Mixing is an important parameter in processes involving mass transfer. The effect of gas mixing was studied on the removal of dye from aqueous solutions by varying the rate of gas flow from 30 to 100cm 3 /min, while keeping other parameters (initial concentration, temperature, and adsorbent dosage) constant. In general, the adsorption capacity of dye increased with time until reaching a constant value indicating that no more dye ions are to be further removed from solution, Fig. 3 . The amount of dye adsorbed per unit mass of clay increased from 85 to 145 mg/g when the gas flow increased from 30 to 100 cm 3 /min. The higher solution flow increases the turbulence around the clay particles and thus decrease the boundary layer resistance by thinning. This cusses higher rate of transfer of dye ions to the surface of the clay particles.
The experimental data treated with the above kinetic models were used to evaluate the controlling mechanism of adsorption processes. The higher correlation coefficient values and lower NSD, ARE values confirmed that the adsorption data were best represented by pseudosecond order kinetics for the entire adsorption period, Tables 3 and 4 . Values of k 2 increased from 0.5066(10 -4 ) to 6.0967(10 -4 ) g/(mg.min.) with the increase in gas flow from 30 to 100 cm 3 /min. The increases in k 2 values attributed to rising bubbles which induce axial solution flow, which moves radially when it reaches the top of the solution and finally moves radially again in the bulk of the solution. This internal circulation of the solution which moves countercurrent to the uprising gas bubbles could affect the rate of dye adsorption onto surface and inside pores of clay [11] .
One example of comparison between experimental data with those predicted from the different kinetic models is shown in Fig 4. It is clear that there is a good agreement between the experimental and calculated values of pseudo-second order kinetic model at different adsorption times. * C0 = 500 mg/l and T = 25±1 ºC ** Q = 50 cm 3 /min and T = 25±1 ºC *** Q = 50 cm 3 /min and C0 = 500 mg/l
Effect of initial concentration
On changing the initial concentration from 200 to 500 mg/l the amount adsorbed increased from 80 to 110 mg/g, Tables 3 (figure not present). This may be attributed to an increase in the driving force due to concentration gradient with the increase in the initial dye concentration in order to overcome all mass transfer resistance between the aqueous and solid phases. Therefore, a higher initial concentration of dye may increase the adsorption capacity. The kinetic parameters were calculated for the different kinetic models and listed in Tables 3  and 4 . The results show that, experimental data fit well with the pseudo-second order kinetic model where higher correlation coefficient and lower NSD, ARE were obtained.
The values of the second order rate constant, k 2 , were found to decrease from 11.692 (10 -4 ) to 1.1908 (10 -4 ) g/(mg.min.) as the initial concentration increased from 200 to 500 mg/l, proving that the process is highly concentration dependent, which is consistent with previous work [21] . The values of the initial adsorption rates, determined from the straight line plots for each adsorbent system, decreased with increase in the initial dye concentration as listed in Table 3 .
Effect of Temperature
Results of experiment carried out at different temperatures are shown Tables 3 and 4 (figure not present). The amount of dye adsorbed has a direct proportion with temperature; it increased from 110 to 165 mg/g as temperature increased from 25 to 60 ºC means the process is chemical adsorption.
The experimental data were examined by the above mentioned kinetic models. The kinetic parameters, correlation coefficient, NSD and ARE were calculated and listed in Tables 3 and  4 . As can seen from tables, the model which provided the best correlation with experimental data was the pseudo-second order kinetic model (high correlation coefficients and lower NSD, ARE values) and this will be used to analyses the experimental batch gas adsorber data. The second order rate constant, k 2 , was found to increase from 1.1908(10 -4 when temperature increases from 25 to 60 ºC. Increase of temperature decreases the viscosity of dye solution. Therefore, the mass transfer coefficient tends to increase with decreasing solution viscosity, probably because of the increase of dye ion diffusivity owing to the decrease in the diffusion layer thickness at the surface of the clay particles.
The correlation coefficient, NSD and ARE for the pseudo-second order equation ranged between 0.954 and 0.998, 4.21 and 8.99 and 2.77 and 5.74 respectively. Furthermore, the calculated q e value through this model is closed to the experimental value. This strongly suggests that the adsorption of Maxilon Red dye onto natural clay is most appropriately represented by a pseudo-second order kinetic model.
Single stage batch adsorber
Adsorption process proceeds through varies mechanism such as external mass transfer of solute onto adsorbent followed by intraparticle diffusion. Unless extensive experimental data are available concerning the specific sorption application design procedures based on sorption equilibrium conditions are the most common methods to predict the adsorber size and performance. Previously, sorption isotherm relations have been used to predict the design of single stage batch adsorption system [22] . A schematic diagram of a single stage batch adsorption is shown in Fig. 5 . The design objective is to reduce the dye solution volume V(l) from an initial concentration of C 0 to C 1 (mg/l). The amount of adsorbent is M and the solute loading changes from q 0 to q 1 (mg/g). At time t=0, q 0 =0 and as time proceeds the mass balance equates the dye removed from the liquid to that picked up by the solid. The mass balance equation for the sorption system in Fig. 5 can be written as,
At equilibrium conditions, C 1 →C e and q 1 →q e Since the adsorption isotherm studies confirm that the equilibrium data fitted well in Langmuir isotherm, Langmuir isotherm equation can be used for q 1 in the design equation (Eq.12) and can be rearranged as, (13) Figure 6 shows a series of plots derived from Eq. (13) for the adsorption of Maxilon Red dye onto natural clay and depicts the amount of effluent which can be treated to remove the dye content by 75% of different initial dye concentrations using various masses of the adsorbent.
Conclusions
Effect of gas stirring on equilibrium and kinetics for adsorption of Maxilon Red from aqueous solutions onto natural clay in the range of concentration 200-500 mg/l, temperature 25-60 ºC and gas flow 30-100 cm 3 /s were studied. The equilibrium data has been analyzed using different models including Freundlich, Temkin, Dubinin-Radushkevich and four different linearized forms of Langmuir isotherm. Type I of the Langmuir isotherm was demonstrated to provide the best fit and the monolayer adsorption capacity was found 344.83 mg/g at 25ºC. Discussion on the suitability of first-order, pseudo second-order, Elovich and fractional power 
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